The effects of the lattice strain induced by neutral oxygen vacancies in ferroelectric tetragonal BaTiO 3 and KNbO 3 are investigated using ab initio simulations. We propose that an oxygen vacancy can transform from its metastable equatorial configuration to the stable axial configuration via either diffusion or rotation of the polar axis near the vacancy site by 90 . The latter mechanism, predicted to dominate in materials with slow oxygen vacancy diffusion and low formation energy of 90 domain walls, can stimulate the formation of domains with their polar axes pinned by the vacancies. DOI: 10.1103/PhysRevLett.109.117601 PACS numbers: 77.84.Bw, 71.55.Ài, 77.80.Fm The mechanical, optical, thermal, and magnetic properties of materials are strongly affected and, sometimes, dominated by point defects and their complexes. In ferroic materials, changes of the ferroelectric, dielectric, and piezoelectric properties, which either occur spontaneously [1] or accumulate in the course of numerous ferroelectric axis switching events [2] , have been attributed to the presence of defects. Models linking defects and macroscopic phenomena in ferroelectrics can be broadly assigned to two groups [2, 3] . The boundary models focus on the defects' interaction with grain and domain boundaries and surfaces [4, 5] , while the bulk models accent on the reorientation of defects conforming to the direction of the spontaneous polarization [2, 6] . While experimental evidence supporting both groups of models exists, it is acknowledged that the long-term modifications of materials properties are governed by an interplay of several elementary processes [7] . Understanding the mechanisms of defect-induced atomic scale processes is, therefore, crucial for not only improving the reliability of existing devices but also for utilizing the defect properties and developing new functionalities.
The mechanical, optical, thermal, and magnetic properties of materials are strongly affected and, sometimes, dominated by point defects and their complexes. In ferroic materials, changes of the ferroelectric, dielectric, and piezoelectric properties, which either occur spontaneously [1] or accumulate in the course of numerous ferroelectric axis switching events [2] , have been attributed to the presence of defects. Models linking defects and macroscopic phenomena in ferroelectrics can be broadly assigned to two groups [2, 3] . The boundary models focus on the defects' interaction with grain and domain boundaries and surfaces [4, 5] , while the bulk models accent on the reorientation of defects conforming to the direction of the spontaneous polarization [2, 6] . While experimental evidence supporting both groups of models exists, it is acknowledged that the long-term modifications of materials properties are governed by an interplay of several elementary processes [7] . Understanding the mechanisms of defect-induced atomic scale processes is, therefore, crucial for not only improving the reliability of existing devices but also for utilizing the defect properties and developing new functionalities.
Oxygen vacancies (V O ) are the most abundant defects in oxide materials. In ferroelectric perovskites, oxygen vacancies induce local perturbation of the lattice and are believed to affect a wide range of materials characteristics, including the dielectric properties, conductivity, magnitude of the remnant polarization, and overall lifetime of ferroelectric samples [2, 4, 7] . The interaction of vacancies with domain walls is actively investigated, as it is believed to play a significant role in domain stabilization and nucleation processes [4, 5, [8] [9] [10] [11] [12] . However, the details of the mechanisms by which V O and other defects can induce domain nucleation remain unclear.
In this Letter, we consider oxygen vacancies in tetragonal ferroelectric perovskites (general formula ABO 3 ), shown schematically in Fig. 1 . The oxygen axial sites located in the B-O-B chains, oriented along the tetragonal (polar) axis c [ Fig. 1(a) ], and the oxygen equatorial sites located in the BO 2 planes perpendicular to this axis, are not equivalent. Consequently, the oxygen vacancies at these sites, referred to as axial (V ax ) and equatorial (V eq ) vacancies, are not isoenergetic. [For certainty, we have shown that V ax is more stable than V eq in Fig. 1(b) .]
The mechanisms of the transformation between the vacancy's stable and metastable configurations are examined using the density functional theory. Our results suggest that the metastable configuration can relax into the stable one via two competing processes: (i) diffusion from the axial site to the equatorial site, as illustrated in Fig. 1(c) , and (ii) rotation of the polar axis locally, as shown in Fig. 1(d) . The diffusion scenario requires significant displacement of a single oxide ion, while in the rotation scenario many atoms near the vacancy need to be displaced but the magnitude of each displacement can be small. The same considerations apply to more complex defects and defect structures, which have several nonisoenergetic configurations.
We investigate the interplay between these relaxation pathways, using the example of two ferroelectric perovskites: BaTiO 3 (BTO) and KNbO 3 (KNO). These materials exhibit the same sequence of temperature-induced phase transitions: at high temperature, they adopt a paraelectric cubic phase, which transforms into ferroelectric tetragonal, orthorhombic, and then rhombohedral phases as the temperature decreases [13] [14] [15] [16] . While BTO is tetragonal and KNO is weakly orthorhombic at room temperature, for simplicity of comparison we consider the tetragonal phases for both materials. Our conclusions apply to the orthorhombic KNO with minor modifications.
The calculations were performed using the PerdewBurke-Ernzerhof (PBE) exchange-correlation functional [17] and, when stated explicitly, its version adjusted for solids (PBEsol) [18] , and projector augmented wave potentials [19] , as implemented in the VASP code [20, 21] . The plane-wave basis with a 600 eV cutoff was used. The dependence of the vacancy-induced lattice relaxation on the vacancy concentration has been studied using n Â n Â n supercells (n ¼ 2-4), where n is the number of primitive unit cells along each supercell lattice vector. These supercells correspond to vacancy concentrations of $2 Â 10 21 , $6 Â 10 20 , and $2 Â 10 20 cm À3 , respectively, and, for convenience, are referred to as 40-, 135-, and 320-atom supercells. We used the Monkhorst-Pack grid of 3 Â 3 Â 3 k points for the 40-atom supercell, 2 Â 2 Â 2 k points for the 135-atom supercell, and 1 Â 1 Â 1 k points for the 320-atom supercell to sample the Brillouin zone. The total energy of the defect-free tetragonal lattices obtained in these calculations and recalculated to the primitive unit cell agrees within 3.2 meV. In addition, we considered several noncubic supercells (2 Â 2 Â 3, 2 Â 2 Â 4, 3 Â 3 Â 4) to better pinpoint the effects of the defect-induced relaxation.
The barriers for vacancy diffusion were calculated using the nudged elastic band method [22] and eight image configurations and the 135-atom supercell. The internal coordinates of all atoms are fully relaxed in all calculations. The effect of the lattice vector relaxation was also considered as discussed in the text. We note that both BTO and KNO are rhombohedral at low temperatures. We focus on the tetragonal phase of these materials since it better corresponds to the temperature regime typical for ferroelectric devices used in practice.
Figure 2(a) shows the atomistic structure of a ferroelectric tetragonal perovskite (we note that the PBEsol version provides more accurate lattice parameters than the PBE functional; see Ref. [23] ) and the sites of the axial and equatorial vacancies. Our periodic model density functional theory calculations demonstrate that the V ax configuration is more stable than the V eq configuration in both BTO and KNO for all considered vacancy concentrations. This is because, for a < c, the relaxation of B-V eq -B along a is constrained by the lattice more than the relaxation of B-V ax -B along c. For the cell parameters obtained for defect-free BTO and KNO lattices, the energy difference between the V ax and V eq configurations (E ae ) increases with decreasing vacancy concentration and, according to the PBE functional, varies between 0.08 and 0.32 eV for BTO and between 0.21 and 0.30 eV for KNO. Similar values of E ae are obtained using the PBEsol version: 0.34 eV for BTO and 0.22 eV for KNO. To extrapolate E ae to lower vacancy concentrations, we fitted the calculated values using the function E ae ðVÞ ¼ A 0 þ A 1 expðÀA 2 VÞ, where V is the supercell volume. This form has well defined asymptotic behavior and accounts for partial delocalization of the vacancy electrons near the vacancy [24] . We find that E ae converges to 0.32 eV for BTO and 0.30 eV for KNO, as the V O concentration decreases, which suggests that even the 320-atom supercell may not be sufficiently large enough to fully capture the extent of the vacancy-induced lattice distortion.
Defect-induced displacements of the lattice atoms near V ax and V eq are illustrated in Fig. 2 . Near V ax , these displacements are almost parallel to the c axis, while near V eq they are confined to the a-b plane. A convenient measure of this relaxation is the value of the B-B distance across the vacancy site. In the case of V ax in BTO, the Ti-Ti distance increases from 4.54 Å in the 40-atom supercell to 4.69 and 4.72 Å in the 135-and 320-atom supercells, indicating that the local atomic structure of the vacancy is nearly converged for the largest supercell. A similar trend was found for KNO. In both lattices, this character of the V ax relaxation is related to the spatial distribution of the vacancy electrons: for larger supercells, the vacancy electrons are less confined to the neighboring Ti ions, thus, increasing the electrostatic repulsion between them. We note that displacements of these atoms from their ideal lattice sites are not equivalent: the Ti atom, shown in Fig. 2(b) as B 1 , is displaced by as much as 0.14 Å in the 
. This creates a dipole moment, which is partly offset by the displacement of atoms located further away from the vacancy and partly by redistribution of the vacancy electrons.
In the case of the V eq , the B-B distance also increases with the size of the simulation supercell but displacements of the B atoms are symmetrical with respect to the polar axis and the overall effect is approximately half of that observed for V ax . Moreover, since most of the displacements are perpendicular to the polar axis, the vacancyinduced dipole moment is negligible. Thus, V ax induces a longer range redistribution of the electric field inside the sample than V eq .
To illustrate how defects affect the ferroelectric properties of the materials, we calculated the energy required to flip the direction of the polar axis by 180 . This energy is taken as a barrier between two equivalent configurations with the polar axis directed ''up'' and ''down,'' respectively. In the defect-free BTO lattice, this barrier is 2.1 eV for the 135-atom supercell. In the presence of V ax , the barrier calculated for the same supercell drops to $0:3 eV, while in the presence of V eq it decreases further to only $0:06 eV, confirming that the two types of vacancies strongly but to a different extent affect the system potential energy surface. Importantly, this suggests that polarization flip near defects is a feasible process, which can take place in parallel with polarization rotation at the nondefective lattice sites [25, 26] . We also note that inplane lattice relaxation, induced by the equatorial vacancy, is qualitatively similar to that induced by tensile strain, which is known to modify the ferroelectric properties of epitaxial thin films [27, 28] . This suggests that combining the effects of the substrate-induced lattice strain and the defect-induced relaxation can be used to control the ferroelectric properties of materials.
The activation energies for the V ax $ V eq diffusion [ Fig. 1(c) ] were calculated assuming that the direction of the polar axis and the lattice parameters remain unchanged. There are two nonequivalent pathways for the vacancy diffusion: along and opposite to the direction of the polarization vector. The two paths have similar transition state configurations: the migrating oxygen is located in the a-c plane approximately at the B-B diagonal $1:8
A away from the B-site atom in both BTO and KNO. The PBE barriers for the V eq ! V ax transitions along these paths are 0.59 and 0.58 eV in BTO and 0.43 and 0.41 eV in KNO, indicating that these paths are almost indistinguishable. The corresponding PBEsol barriers are $0:7 and $0:5 eV for BTO and KNO, respectively (see Ref. [23] for details).
An alternative V eq ! V ax transformation mechanism involves rotation of the polar axis locally by a 90 angle with respect to its original orientation [see Fig. 1(d) ].
Effectively, this rotation results in the formation of a new domain separated from the rest of the lattice by a 90 domain wall. In order for this process to occur, the energy cost of the formation of the domain wall needs to be compensated by the energy gain due to the transition from the metastable V eq configuration to the stable V ax configuration. To demonstrate the feasibility of this process, we notice that, in BTO, the V ax configuration is 0.32 eV more stable than the V eq configuration and, according to the Landau-Ginsburg-Devonshire theory, the formation energy of the 90 domain wall (E 90 dw ) is 2:5 Â 10 À4 eV= A 2 [29, 30] . A similar value of E dw ($ 2 Â 10 À4 eV= A 2 ) is estimated from ab initio calculations assuming that the ratio E 180 dw =E 90 dw is the same in BTO and PbTiO 3 [31] . Then, the energy difference between the V eq and V ax configurations is sufficient to offset the 90 domain wall of the area of $1500 A 2 . For a spherical domain, this corresponds to its radius of $11
A. The possibility of this V eq ! V ax transformation mechanism is supported by unconstrained energy minimization of V eq with respect to both the internal coordinates and lattice parameters [ Fig. 3(a) ]. For the concentrations of 2 Â 10 21 and 6 Â 10 20 cm À3 , this minimization has resulted in a spontaneous reorientation of the polar axis and a V eq ! V ax transformation. No such spontaneous transformation was observed for the lowest considered vacancy concentration (2 Â 10 20 cm À3 ), indicating the existence of a barrier for the rotation of the polar axis near isolated V eq .
To explore this further, we calculated the potential energy surface profiles for the simultaneous displacement of all supercell atoms so that the polar axis rotates by 90 with respect to its original orientation and V O transforms from its initial (V eq ) to its final (V ax ) configuration [ Fig. 3(b) ]. Since the V eq configuration is unstable with respect to such a rotation, the lattice vectors for the initial configuration were set to those of the ideal defect-free lattice, while the final configuration was obtained using the full relaxation of V ax . The transformation pathway has been approximated by linear interpolation between the initial and final configurations.
The results of these calculations, shown in Fig. 3(b) , demonstrate nonexistent or small barriers for the polar axis rotation in the 40-and 135-atom supercells, which is consistent with the observed spontaneous V eq ! V ax transformation in these systems. Given the relatively high concentration of the V O in these systems, the not fully converged values of the E ae , and the restricted defectinduced relaxation, we attribute this effect to the vacancy aggregates rather than to isolated vacancies. Quite differently, for the 320-atom supercells these barriers reach 0.8 eV for BTO and 1.7 eV for KNO according to the PBE functional and 0.8 and 1.4 eV, respectively, according to the PBEsol version. These energy barriers increase with increasing size of the volume in which the polar axis rotation takes place. However, even for the 320-atom cell, the calculated energy difference between the V eq and V ax configurations is sufficient to compensate for the cost of the 90 domain wall encompassing a volume significantly larger than that of the 320-atom supercell. This suggests that, once the V eq configuration transforms into the V ax configuration via the polar axis rotation, the formed domain can grow further.
Since the activation energy for vacancy diffusion in BTO is comparable to that for polar axis rotation, assuming a similar frequency of attempts in these processes, we conclude that both mechanisms can contribute to the V eq ! V ax transformation. On the contrary, the barrier for polar axis rotation near an isolated vacancy in KNO is much higher than that for diffusion, which suggests that the latter is prevalent. The situation changes dramatically in the case of a cluster of vacancies. As demonstrated by our calculations for the high vacancy concentration, aggregates of V eq can lead to the rotation of the polar axis without a barrier.
In general, the effect of isolated oxygen vacancies on a ferroelectric material depends on which of the two transformation mechanisms is prevalent, as illustrated in Fig. 4 . In a poled oxygen-deficient sample, the macroscopic polar axis c is aligned throughout and stable V ax dominate [ Fig. 4(a) ]. After the polar axis is rotated by 90 , these vacancies become V eq [ Fig. 4(b) ]. If the vacancy diffusion barrier is lower than the barrier for polar axis rotation, as in KNO, the vacancy will diffuse from the metastable equatorial site to the stable axis site [ Fig. 4(c) ]. In this case, after a switching cycle is completed, the sample returns to its original state unless aggregates of the vacancies begin to form. This suggests that the loss of ferroelectric response in oxygen-deficient samples could be reduced or avoided if oxygen vacancies diffuse fast enough to adjust to the polar axis orientation. In order to suppress the formation of vacancy aggregates, such vacancies should be pinned by other defects-''anchors.'' Since partial delocalization of the vacancy electrons makes the former positively charged, we propose that cation dopants carrying negative net charge with respect to the lattice might serve as good anchors. This rationale can be extended to other types of defects used to optimize the properties of ferroelectrics.
Alternatively, if the vacancy diffusion barrier is higher or comparable to the barrier for the polar axis rotation, as in BTO, V eq can be converted to V ax via such a rotation [ Fig. 4(d) ]. This corresponds to the collective displacement of atoms near the vacancy, so that the new local polar axis c 0 is oriented perpendicularly to the polar axis c elsewhere in the sample. The appearance of such repolarized regions is accompanied by the formation of a 90 domain wall enclosing the vacancy and atoms in its vicinity. This domain wall can be stable if the energy gain due to the V eq ! V ax transformation (E ae ) is greater than the cost of forming the wall. In this case, repeating polar axis switching cycles are likely to produce a distribution of domains, each having its polar axis orientation pinned by a vacancy. We note that the relative orientation of c 0 and c 00 axes in Fig. 4(d) depends on the particular protocol used to switch the c axis. If c 0 and c 00 are parallel, the corresponding domains contribute to recovery of the initial state, which is consistent with earlier experimental observations for aged BaTiO 3 [6] .
Using the E ae values calculated above, we estimate that in BTO the domain wall area can reach 1500 A 2 enclosing a volume of 5:5 nm 3 or 85 unit cells, assuming, for simplicity, that the enclosed region is spherical. Such regions can serve as nucleation seeds for further domain growth. This effect can be especially significant in nanoscale ferroelectric samples, where defect-induced lattice relaxation affects a large fraction of the sample. We propose that this mechanism is dominant in materials with slow oxygen vacancy diffusion and low formation energy of the 90 domain walls. In addition, the larger the value of E ae , characterizing the relative stability of V ax with respect to V eq , the larger the volume of the region repolarized in a single V eq ! V ax transformation.
To summarize, we show that isolated oxygen vacancies in tetragonal ferroelectric perovskites induce strong sitespecific lattice strain, which, upon switching the polar axis by 90 , gives rise to two defect stabilization scenarios: diffusion of the vacancy from a metastable to a stable site and rotation of the polar axis near the vacancy. The interplay between these scenarios is determined by the vacancy diffusion rate and the energy of the 90 domain walls. Optimizing these properties by judicious materials design can help to produce better ferroelectrics and exploit defects in order to maximize piezoelectric response.
